The vast majority of radiation protection guidelines in nuclear facilities usually relate from one to a few sources of radiation in very controlled environments. Currently, there are 111 research reactors where neutron activation analysis (NAA) is a major research and teaching component. In particular, NAA can yield a wide variety of exposures due to different types of samples and neutron fluxes. Unlike any other type of radiation laboratories, an NAA facility can contain a large variety of radioactive isotopes as a result of activation products with varying degrees of half-lives and with different intensities of gamma-rays and beta particles. Using MCNP 6.2, a Monte Carlo code developed by Los Alamos National Laboratory (LANL) for radiation transport, dose rates were computed. The computational results were validated by irradiating several National Institute of Standards and Technology (NIST) standard reference materials. The samples were allowed to decay during their transfer from the reactor to the NAA laboratory. These computational doses were validated to the experimental doses. Using this information, a database will be developed for accurately predicting the expected doses to researchers working at research reactors and develop better radiation protection standards at NAA facilities.
BACKGROUND
The usage of neutron activation analysis (NAA) has been widely adopted as a non-destructive technique for characterizing elemental composition for different applications for geological, biological, environmental, archaeological and materials samples. According to the International Atomic Energy Agency (IAEA) Research Reactor Database, there are currently 224 operational research reactors in the world of which 111 are used for NAA applications [1] . The Nuclear Engineering Teaching Laboratory (NETL) at The University of Texas at Austin currently operates the newest TRIGA Mark II university reactor in the USA. The reactor has in-core irradiation facilities and five neutron beam ports with steady state operation at power levels up to 1.1 MW or pulsing mode operation up to 1.5 MW for 10 microseconds. At the center of the reactor, a maximum neutron flux of 2 x 10 13 n cm 2 s -1 can be achieved. The flexibility allows the reactor to be used for numerous NAA experiments at varying reactor power, neutron flux, and irradiation times.
In a typical NAA facility, irradiated samples will yield a wide range of radioactive isotopes due to activation and nuclear decay, which have varying halflives and different strengths of gamma rays and beta particles. This specific type of facility differs from commercial power reactors or government research laboratories in which usually workers deal with one or two types of well-characterized radiation sources. Furthermore, there is little to no guidance on radiation * jparga@lanl.gov protection in NAA laboratories, which can lead to poor practices in handling irradiated samples. This work focuses on characterizing typical dose rates from the irradiation of NIST standard reference materials and comparing computational and experimental dose rates for a short-lived NAA facility using a typical pneumatic system. This work will be beneficial in characterizing radiation hazards when working in NAA facilities to develop standardized radiation protection guidelines.
NAA Theory
NAA is a method of determining the composition of a given sample from the major components to trace elements by exposing the sample to neutrons, usually in a reactor, but accelerators (such as DT and DD) and neutron sources (such as Pu(Be) and 252 CF) can also be used. In a reactor the sample will mainly undergo reactions in which a stable isotope will capture a neutron and become radioactive. The sample then undergoes nuclear β + or βdecay in which particles and gamma rays are released until the radionuclides return to a stable state. The gamma rays released are unique signatures for each of the isotopes present in the sample. Using a gamma detector, the different gamma rays can be quantified to determine what is present in the sample. A typical activation process is shown in Figure 1 , in which 59 Co is activated through neutron capture into 60m Co and 60 Co. The figure shows a characteristic decay scheme for returning to a stable configuration. The activation of any given isotope is governed by the reaction rate (R) as illustrated in Equation 1.
= Φ
(1)
The reaction rate is illustrative of how many target atoms (n) are present in the NAA sample the cross section (σ) and flux (φ) are dependent on the neutron energy. However, this does not take into account the decay that occurs during activation. Equation 2 more properly shows the number of radioactive atoms present at any time by including the decay constant (λ) and the number of radioactive atoms (N) to account for decay [2] .
The corresponding activity for each different isotope is seen in Equation 3.
where the activity after decay is a function of the macroscopic cross section (Σ), neutron flux (Φ), decay constant (λ), irradiation time (tirr), and decay time (td). Typically, two different irradiations can be performed: one to determine short-lived isotopes and the other to determine medium to long lived isotopes. In this work, we focused on short-lived isotopes, as these will deliver most of the radiation when handling the samples between irradiation and counting. Previous work by the IAEA [3] focused on the short-lived isotopes shown in Table 1 . These were chosen as common isotopes arising from NAA in common National Institute of Standards and Technology (NIST) Standard Reference Materials (SRM). SRMs are used for having well-established composition characterization, which is needed for accurate material modeling in MCNP 6.2.
Important Isotopes in NAA

Radiation Protection in NAA Facilities
Radiation protection standards across the world are usually derived from IAEA or country safety documents. In particular IAEA GSG-7: Occupational Radiation Protection [4] and SSR-3: Safety of Research Reactors [5] are often used. GSG-7 dictates the various occupational exposures yearly dose limits. The wholebody effective dose is set at 20 mSv per year averaged over five consecutive years and at 50 mSv in any single year. Both GSG-7 and SSR-3 documents put the responsibility for protection against occupational exposure on the employers, registrants, and licensees. The documents provide a methodology for a graded approach on optimizing radiation protection. However, no standard methodology is proposed on how to handle NAA samples.
METHODOLOGY
GSG-7 proposes different approaches on exposure assessment methods. This paper focuses on the use of simulations, which the IAEA states "can be powerful and can provide information instantly on the parameters that influence doses that would be received in given exposure situations. The results of simulations should be verified by measurement." Therefore, this work focuses on two different aspects: 1) developing a robust computational simulation for NAA and 2) verifying computational results with experimental results by irradiating samples.
NAA Simulation
Utilizing MCNP 6.2, a radiation transport software developed by Los Alamos National Laboratory [6] , dose rates in the NETL short-lived NAA facility were calculated. The simulation was divided into two parts, one accounted for the sample irradiation inside the TRIGA reactor, and the other for the dose rates the radiation worker can expect after irradiation.
The TRIGA reactor had been previously modeled by the NETL [7] . The reactor is composed of 19.8% enriched uranium-zirconium hydride fuel, stainless steel cladding, graphite reflectors, and boron carbide control rods. In this specific model, the fuel is modeled per the last fuel shuffle on January 15, 2016. The model also includes all the experimental facilities available at NETL such as the neutron beam ports. The reactor core is shown in Figure 2 . It was of importance to model the reactor irradiation facilities, as neutron energies will affect the activation of the sample due to neutron capture cross sections. The model needed to be modified to track material activation and decay during irradiation.
There are two main avenues for modeling the sample material activation. The first is by using the Cinder90 [8] . Cinder90 solves the Bateman equations to find the activity of isotopes by accounting for production and decay during the irradiation and decay of a sample material. The second option is to model the neutron current into the sample geometry cell in the TRIGA MCNP model. Using the surface write (SSW) card the current is written as a data file that can be used by the surface read (SSR) card. Using this information, a neutron source directed toward the material sample is modeled and the ACT card can be used to determine the dose rate from activation. The ACT card models delayed particles such as delayed neutrons and gammas.
The materials modeled are four NIST SRMs: Peach Leaves (1547), Trace Elements in Coal (1632d), Trace Elements in Coal Fly Ash (1633c), and Montana I Soil (2710a). The materials represent typical soils, vegetation and contaminated geological samples that are analyzed at NETL [9] [10] [11] [12] . The materials are described using elemental mass fractions, but in order to run in MCNP 6.2 the materials need to be specified as isotopic mass fractions. This was done by multiplying the isotopic abundance by the elemental mass given in the SRM certificates for each element. The next step was to verify that each isotope was included in the neutron continuous-energy cross sections library from the List of Available ACE Data Tables [13] .
The ACT card is used to obtain a dose rate from the sample after the irradiation. This information was used as the source information for the dose rate model. In previous work by [14] [15] , a mathematical phantom developed by Oak Ridge National Laboratory (ORNL) was used for organ dose modeling. For this work, we utilized PIMAL, a mathematical phantom software [16] developed by the Nuclear Regulatory Commission (NRC), based on the ORNL phantom with the added ability to manipulate the extremities as seen in Figure 3 . It was of importance to model the position of the extremities, as this is the usual position radiation workers will use when handling NAA samples. The PIMAL phantom allows for dose calculations by utilizing an MCNP F6 energy deposition tally. The phantom tallies information on 23 different organs ranging from the brain, to the lungs to the testes. This tally gives information in [MeV/gram] which was converted to units of [Gray] to determine the absorbed dose in each individual organ.
Experimental Work
It is of importance to validate computational results by leveraging experimental results. To accurately compare these two methods, NIST SRM samples were prepared by weighing approximately 0.50 grams and encapsulating the sample inside the standard plastic sample holder. The samples were irradiated in the TRIGA Reactor at two different power levels for 10 seconds as shown in Table 2 . The exposure rates were captured using a Victoreen 450B survey meter pressed against the sample immediately after irradiation and converted to dose rates. To measure only the gamma dose, the beta slide shield was used. After surveying the samples, they were allowed to decay for a short period, on the order of minutes, before conducting gamma spectroscopy.
To conduct gamma spectroscopy, the system was calibrated to a D (10 cm) and DD (20 cm) sample holder. These distances minimize any summing effects. This was done by placing an 152 Eu standard source and counting it for a determined period. The source was certified at an activity of 3700 Bq on July 27, 2006. Using EG&G Maestro, a multi-channel analysis (MCA) software, the net counts under each peak were obtained and compared to the number of expected gammas. The number of expected gammas is calculated by accounting for decay of the standard source and for the yield of each specific gamma-ray. The ratio of actual gammas to expected gammas yields the absolute detector efficiency [17] .
The efficiency curves, Figure 4 and Figure 5 , were used to characterize the detector efficiency response at different energies. In both configurations, the efficiency calibration yielded a good correlation between absolute detector efficiency and energy with an R 2 above 0.99 for both cases. It should be noted that interpolation can be safely done but caution should be used when extrapolating. It can be seen that the absolute efficiency for the DD sample holder calibration is about an order of magnitude smaller than the D sample holder. This is due to the doubling in distance from the HPGe detector. The activity for each peak can be calculated as a function of net counts, absolute efficiency, and yield. The net counts were obtained from Maestro MCA software by marking regions of interest (ROI). Table 3 shows the peak activities in Becquerel for the different isotopes discussed in Table 1 . It should be noted that some of the isotopes could not be discerned from the background continuum, therefore information is not reported. Furthermore, these results were corrected to account for the decay time and the counting time to yield the activity immediately after irradiation. It can be seen that the major contributors to activity across the different SRM samples were 28 Al, 52 V, 165 Dy, 27 Mg, 139 Ba, 80 Br, 128 I, 116m In, 42 K, 87m Sr, 51 Ti, and 239 U. There are some variations between the activity levels in SRM 2710a to the other samples as this sample was irradiated at a significantly lower power level due to the known activity levels with activation products in this sample.
RESULTS
Experimental Results
Computational Results
It was of importance to understand the neutron spectrum experienced in the pneumatic irradiation facility. Utilizing an MCNP F4 tally the neutron flux in [#/cm 2 ] was obtained which was then converted to [n/cm 2 s] by normalizing by the source [n/s].
The dose rates for the PIMAL phantom are shown in Table 4 for SRM 1633c. It can be seen that the relative error for five of the tallies was above 10%. This is likely due to not enough particles scoring in these tallies due to attenuation in other organs. Specifically, the tallies with the higher relative errors tend to be further away and deeper within the phantom. The organs with the higher absorbed dose rate were those closest to the irradiated sample such as the testes, urinary bladder, prostate, colon, small intestine, and stomach. It should be noted that the absorbed dose rate for the skin and muscle accounts for the entire phantom. 
DISCUSSION
The computational total absorbed dose rate of 0.12 Gy/hr is within 40% of the observed experimental value of 0.21 Gy/hr (see Table 2 ). However, this discrepancy can be explained by the experimental value being obtained on direct contact with the sample while the computational dose rate accounted for the distance between the phantom and the irradiated sample. Furthermore, to have higher confidence in tallies with large relative errors, more time should be invested in variance reduction methods to bias the particles to these further away regions. These could be done with the use of weight windows and source biasing. In future development it would also be of interest to computationally model the isotopic concentration and activities to compare the results to the gamma spectroscopy results. This was attempted using Cinder90, however the package released by the Radiation Safety Information Computational Center (RSICC) only works with MCNPX. Through further research this task can likely be achieved with Cinder2008 which is the successor of Cinder90 and has compatibility with MCNP6.
CONCLUSION
Through this paper we established a methodology on modeling NAA irradiation runs to determine the expected dose rates when handling the samples. Experimental work was also conducted to verify the computational results, which are within 40% agreement. Clearly, the absorbed beta dose rate is of major significance and should never be underestimated. Furthermore, absorbed dose rates for only a hand should be developed.
This approach will be useful in developing a database of standard environmental, geological, biological and engineering materials which are commonly irradiated at NETL to develop radiation protection guidelines. These guidelines can then be used to create standard operating procedures to minimize the dose incurred by the NAA laboratory staff.
